To determine the effect of graft placement and orientation on flow rates through a partially obstructed coronary artery.
INTRODUCTION
Recent fluid dynamic research on vascular anastomosis has focused on determining the relationship between haemodynamics and graft failures. Haemodynamic forces, in particular fluid shear stress at the vessel wall, have been shown to affect vessel remodelling and patency [1] [2] [3] [4] . Studying blood flow patterns for grafted vessels may lead to an understanding of the relationship between patency and geometry. However, modelling blood flow at anastomotic junctions is difficult, due to the wide variety of vessel geometries and complex pulsatile flow.
The aim of this study was to explore the effect of competing, mixing flows on flow rates for a partially obstructed coronary artery (CA) with different graft configurations. As this is a preliminary study, an approximation of the fluid geometry was created using a parametric model for ease of simulation. By varying geometry parameters, blood flow through various grafted arteries can be evaluated using computational fluid dynamics (CFD). The numerical studies presented in this work were completed with consideration of numerical accuracy and physical fidelity.
MATERIALS AND METHODS

Geometry
Flow through a partially obstructed CA was simulated using CFD with a simplified geometric model (see Fig. 1 ). The stenosis was modelled as a single, centred and abrupt change in vessel diameter. An optional graft was modelled as a cylindrical volume attached at a downstream location at a given angle α with respect to the artery axis. A parametric geometric model allowed for the variation of: artery internal diameter, length of the stenosis, stenosis internal diameter, distance to graft attachment distal to stenosis exit, graft internal diameter and graft angle. As the graft vessel diameter may not necessarily match that of the artery, the crosssection of the graft cylinder was taken to be an ellipse with a minor-axis diameter matching the artery diameter. The area of this ellipse was set to be equivalent to that of a circle of diameter equal to the graft vessel internal diameter. Thus, the parametric geometry can accommodate grafts of diameter different from the artery diameter. Although this simplified geometry may appear to be a rough approximation of physical anatomy, a parametric definition is a useful tool for demonstrating relationships between flow parameters (e.g. flow rates) and geometry parameters.
Numerical simulation
Simulation of blood flow through the modelled geometry was completed for a range of geometry parameters using a numerical simulation of pressure-driven flow for both steady and unsteady boundary conditions. Blood was approximated as an incompressible, non-Newtonian fluid with a density of 1.060 g/ml. To model the shear-thinning behaviour of blood, the Carreau-Yasuda model was used to determine viscosity, with model parameters η 0 = 0.1600 Pa s, η ∞ = 0.0035 Pa s, λ = 8.2 s, a = 0.64 and n = 0.2128 [5, 6] . Although blood is a complex multiphase mixture, past research has shown the above model of fluid properties to be accurate for this flow regime [7] . All simulations used a second-order finite-volume spatial discretization with pressure boundary conditions set at the inlets and outlets of the geometry, and a no-slip condition at solid boundaries. Turbulence was simulated using the shear stress transport k-Ω eddy-viscosity model, with inlet values of turbulent kinetic energy k = 0.24 m 2 s −2 and specific dissipation Ω = 1.78 s −1 . For the given problem, this turbulence model provides an economic balance between computational accuracy and simulation costs.
For steady-state simulations, pressure at the inlets was set to 120 mmHg with a pressure of 80 mmHg at the outlet. Steady-state simulations were iterated to at least five orders of convergence using the semi-implicit method for pressure linked equations scheme. For unsteady simulations, inlet pressure was set to vary from 80 to 120 mmHg according to a pulsatile waveform (see Fig. 2 ) approximating aortic pressure over a heartbeat cycle while the outlet back pressure was held at 80 mmHg [8] . Unsteady simulations were time-marched with second-order accuracy using the merged pressure-implicit split-operator scheme.
Simulations were postprocessed to determine the mass flow rate at the inlets and outlets of the geometry. For steady-state simulations, the mass flow rate was determined from the converged solution. Unsteady flow simulations were initialized from a steady-state solution, with mass flow rates calculated as the time average over a simulation of four consecutive heartbeat cycles (e.g. see Fig. 3 ).
Numerical studies
Numerical simulations were completed using a geometry representing a 2-mm inner-diameter CA with various degrees of blockage. Blockage b was defined by the percentage of artery cross-sectional area occluded by the stenosis. Geometry parameters shown in Table 1 were combined for all combinations to produce multiple configurations.
Study A
A total of 720 simulations were completed over a range of percentage of blockages with and without a 2-mm-diameter graft, for both steady and unsteady flow. The geometry was further varied by the length of the stenosis L S (5, 10 and 20-mm), the distance from the stenosis to the graft attachment L SG (5, 10 and 20-mm) and the angle of the graft α (0°, 67°and 45°).
Study B
A second study was completed to examine the influence of graft angle α on flow rates within the artery and graft. A total of 240 
Study C
A third study was performed to examine the sensitivity of flow rates to the graft axial location. A total of 540 simulations were completed over a range of percentage of blockages with a 2-mm-diameter graft attached at a 45°angle.
RESULTS
Study A
Steady and unsteady simulations demonstrate similar flow rate sensitivities to percentage of blockage, both for the grafted and the non-grafted artery. For example, steady-state results shown in Fig. 4 demonstrate that the total outflow of the grafted artery is significantly improved in comparison with the non-grafted artery over the entire range of blockage. Note that the outflow of the grafted artery is equal to the sum of the inflow of the upstream artery and graft as required for the conservation of mass. However, the total outflow of the grafted artery is not simply double the value of the non-grafted artery due to viscous losses. These losses occur primarily due to the mixing of competing flows at the graft junction.
It should be noted that the flow rate of the artery upstream of the graft junction is consistently reduced in comparison with that of the non-grafted artery. This effect is more pronounced as the percentage of blockage is increased. This is a natural consequence of the mixing of pressure-driven flows with a constrained outlet area. Similar results were found for all other simulated configurations.
The imbalance of flow rates within the graft and within the upstream portion of the artery are a function of the length of the stenosis and the position of the graft. For grafts where the distance between the junction and the stenosis is similar to the length of the stenosis itself, the flow rates in each vessel are closer in magnitude. For some simulations, the flow rate within the graft was less than that of the partially occluded artery; however, this only occurred at low percentage of blockage. Flow rates within the graft increase with increased artery blockage; however, at low degrees of blockage, graft flow rates are consistently less than that of the original non-grafted artery. Time-averaged unsteady results (see Fig. 5 ) show similar flow rate sensitivity to percentage of blockage. Unsteady results, driven by a physically realistic transient boundary condition, provide a more accurate simulation of actual flow rates, unlike steady-state results that do not match circulatory behaviour. Given that steady-state simulations require significantly less computational resources, this is a distinct advantage in exploring flow rate sensitivity to variations in geometry.
Study B
As may be expected, simulations show that flow rates in grafted arteries are improved by reducing the angle between the artery and graft (see Fig. 6 ), regardless of the percentage of blockage. For a high degree of blockage (e.g. 90%), total outflow of the grafted artery remains high, decreasing with angle α. A similar result holds for the flow rate within the grafted artery; however, flow rates upstream of the graft junction remain relatively constant (significantly lower values compared with those of the non-grafted state) at high degrees of blockage.
Study C
Simulations demonstrate that, while it is desirable to place a graft as close to the stenosis as possible, the net improvement in artery outflow is small. As can be seen in Fig. 7 , grafted artery outflow remains nearly constant regardless of the distance from the stenosis to the graft junction at a higher percentage of blockage. Similar flow rate sensitivity to graft placement can be seen for the graft itself and the artery upstream of the junction. For graft placement close to the stenosis, there is an interaction between a jet flow exiting the stenosis and the incoming graft flow, producing strong vortices. For graft placement further away from the stenosis, this interaction is reduced as the jet expands downstream.
DISCUSSION
In this study, we have shown the effect of graft position and orientation on flow rates within a CA using an idealized geometric model. Steady-state simulations provide sufficient detail regarding the nature of the flow within these vessels at a substantial reduced computational cost in comparison with unsteady simulations. Flow rates within a partially obstructed artery upstream of the graft junction are significantly impeded by the addition of a graft, although the total outflow of the grafted vessel is improved. The balance of flow rates between the graft and grafted vessel are primarily dependent on the level of obstruction. In general, graft placement and orientation that minimizes strong vortices and mixing produces the highest outflow rates. ORIGINAL ARTICLE
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